Background: Recent studies have introduced glucose intolerance and insulin resistance (IR) as novel risk factors in patients with pulmonary arterial hypertension (PAH). Objectives: We aimed to investigate the prevalence of glucose intolerance and IR in patients with PAH and their correlation with functional capacity and prognostic factors. Patients and Methods: Sixty-nine patients with pulmonary arterial hypertension (class I Pulmonary hypertension in accordance with updated clinical classification of pulmonary hypertension) scheduled for right heart catheterization were enrolled. FBS, HbA1c, lipid profile, pro -BNP and hs-CRP were measured along with a 6-minute walk test (6-MWT) and obtaining demographic, functional and hemodynamic data. Fasting triglyceride to high-density lipoprotein cholesterol ratio (TG/HDL-C) was used as a surrogate of insulin sensitivity. Using published criteria, HbA1c ≤ 5.9% defined as normal, 6.0-6.4% as glucose intolerance, and ≥ 6.5% as diabetes. All patients were followed for a year regarding development of any cardiovascular event (mortality and/or hospitalization). Results: In total, 76.8% of patients were female: 61% of them had idiopathic PAH, 33% Eisenmenger syndrome, and 6% PAH secondary to a connective tissue disease. With respect to TG/HDL-C, 43.5% of patients had IR and 47.8% of patients had HbA1c > 6. There was no difference between IR and insulin sensitive (IS) group or glucose intolerance and sensitive group regarding NYHA class, 6MWT, Pro BNP, hs-CRP and hemodynamic data and there was no correlation between IR or glucose intolerance and any event. Conclusions: Unrecognized glucose intolerance and IR are common in PAH. However, further studies are needed to show whether glucose or insulin dysregulation plays any role in PAH pathogenesis or it is secondary to advanced PAH.
Background
Pulmonary arterial hypertension (PAH) is a progressive and debilitating disorder characterized by increase in pulmonary vascular resistance (PVR) leading to right sided heart failure and death (1) (2) (3) . The pathophysiology of PAH is complex and multiple pathways and gene mutations are involved in its development and progression. This underlies the importance of ongoing investigations to explore novel targets and disease modifiers. Recent humans and animals studies have demonstrated an association between insulin resistance (IR) and glucose intolerance with PAH (2) (3) (4) (5) . According to the American Diabetes Association Expert Committee, elevated HbA1c identifies patients with abnormal glucose metabolism (6) . While measurement of HbA1c does not quantitate IR, some evidences presented that the ratio of serum triglyceride to high density lipoprotein cholesterol (Tg/HDL-c) could provide a surrogate for IR in healthy subjects and patients with PAH (2, (7) (8) (9) . This test has been shown to be as sensitive and specific as fasting insulin in determining IR in individuals without diabetes.
Objectives
In the present study, we aimed to evaluate the prevalence of IR and unrecognized glucose intolerance by testing both TG/HDL-c ratio and HbA1c in patients with PAH and to correlate them with disease severity, functional status and prognostic factors of patients.
Patients and Methods

Patient Selection
Sixty-nine consecutive patients with the World Health Organization Category I pulmonary arterial hypertension (PAH) scheduled for right heart catheterization for evaluation of pulmonary hemodynamics for the first time or follow-up were included between March to December 2011. The exclusion criteria comprised, established diabetes mellitus and hyperlipidemia, hemoglobinopathy, hemolytic anemia, thalassemia, overt fluid retention, decompensated right sided heart failure, significant left ventricular dysfunction (left ventricle ejec-tion fraction less than 45-50%), NYHA class of IV and inability to perform 6-minute walk test (6-MWT). Patients taking prednisolone or other oral corticosteroids were also excluded.
Primary evaluation was performed and clinical history obtained from all the patients, and detail demographic data and the New York Heart Association (NYHA) classification were recorded. Exercise tolerance and functional performance of patients was assessed by 6-MWT according to the protocol of Guyatt and colleagues (10).
Laboratory Examinations
Whole blood was collected from all study participants after 12-14 hours overnight fasting. All the blood analyses were performed at our laboratory on the day of blood collection. Fasting blood sugar (FBS) was measured using enzymatic colorimetric method with glucose oxidase. Total cholesterol was assayed using enzymatic colorimetric method with cholesterol oxidase and cholesterol esterase. Triglyceride (TG) was assayed using an enzymatic colorimetric method with glycerol phosphate oxidase. HDL-C was measured after precipitation of the apolipoprotein B-containing lipoproteins with phosphotungstic acid. All analyses were performed using Pars Azmon kits (Pars Azmon Inc., Tehran, Iran) and a Selectra 2 autoanalyzer (Vital Scientific, Spankeren, The Netherlands). Glycosylated hemoglobin (HbA1c) was measured using high performance liquid chromatography (HPLC) by standardized laboratory protocol using a method certified by the National Glycohemoglobin Standardization Program.
Serum Pro-BNP was analyzed using the ELISA (Biomedia-Corp., Bratislava-Slovakia) and serum CRP levels were measured by slide agglutination method and immunoturbidimetry using a CRP latex kit (Bionic-USA) for each sample.
Right Heart Catheterization
Right heart catheterization was performed by standard method in all patients using 7F balloon-tipped, double lumen pulmonary artery (PA) catheters in the catheterization laboratory. All the measurements were obtained with patients at rest in the supine position, breathing room air. The pressures were all averaged in three consecutive heart beats at end expiration. The following variables were measured for each patient: pulmonary capillary wedge pressure (PCWP); systolic, diastolic, and mean pulmonary artery pressure; systolic and end-diastolic right ventricular (RV) pressure; mean right atrial pressure; mixed venous oxygen saturation and cardiac output using the Fick technique.
The study population was subsequently followed for a year for survival outcomes (death and hospitalization due to exacerbation of PAH or right sided heart failure). The study was reviewed and approved by the ethics committee at Rajaie Cardiovascular Medical and Research Center, and written informed consent was obtained from all the patients.
Statistical Analysis
Patients were defined to have a normal status, glucose intolerance or diabetes based on HbA1c measures and having insulin resistance or sensitivity based on the TG/ HDL-c ratio. 
Glucose intolerance
HbA1c less than or equal to 5.9% was considered normal. Glucose intolerance (GI), was defined as HbA1c 6.0-6.4%, and frank diabetes as HbA1c ≥ 6.5% in accordance with the latest guideline released by the American Diabetes Association Expert Committee (6).
Insulin resistance
Based on several studies (11, 12) , we defined an individual as insulin resistant (IR) when TG/HDL-C ratio was greater than 3.0, and insulin sensitive (IS) when TG/HDL-C ratio was less than 2.0.
The Triglyceride (TG) to High-Density Lipoprotein (HDL-C) ratio (TG/HDL-C) was used as a surrogate measure of insulin resistance profile.
Obesity
Subjects with BMI ≥ 25 kg/m 2 and BMI ≥ 30 kg/m 2 were considered as overweight and obese, respectively (6).
Results
Clinical, Laboratory and Hemodynamic Characteristics of Patients
Sixty-nine new and returning patients with WHO group I PAH, including 16 (23%) men and 53 (76%) women were enrolled. The mean age was 35 (13.3) years (range; 14-74 years). Idiopathic PAH was the main diagnosis (61%) and the remaining 33% and 6% were diagnosed as Eisenmenger syndrome and PAH secondary to connective tissue diseases, respectively. At the time of clinical evaluation, 41% of patients had NYHA class I-II and II and 59% had NYHA class II-III and III. No patient was completely asymptomatic (NYHA class I). Table 2 depicts the clinical and laboratory characteristic of patients and Table 3 shows their right heart catheterization results.
HbA1c Level in PAH and Presence of Glucose Intolerance
In Sixty-six patients (52.2%), HbA1c was within the normal limits (≤ 5.9%). Considering the HbA1c measures, 13 patients (18.8%) showed glucose intolerance (HbA1c: 6-6.4%) and 20 patients (29%) had overt DM (HbA1c ≥ 6.5%). Considering FBS, 7% of patients had a FBS ≥ 126 mg/dL and the mean of FBS was significantly higher among patients with HbA1c more than 6% (139 ± 52.7 mg/dL versus 95.7 ± 16.7 mg/dL, P < 0.001) HbA1c was not significantly different between men and women or different diagnosis groups. Patients in DM group were older than others, but this difference was not statistically significant (37.4 ± 14.3 versus 34.1 ± 14.5 and 33.3 ± 12.5 in patients with and without glucose intolerance, respectively).
Regarding body weight, there was no significant difference between three HbA1c groups; however PAH patients with HbA1c more than 6.5% had a slightly higher BMI than the two others (26.7 ± 4 in HbA1c ≥ 6.5% versus 24.1 ± 3.7 and 23.9 ± 4 in patients with and without glucose intolerance respectively, P = 0.05). There was no association between NYHA class and HbA1c. The mean of pro BNP, 6-MWT and CRP were not different between different HbA1c groups (Table 4) . There was no difference between different HbA1c groups with respect to hemodynamic measures ( Table 4 ). The bivariate analyses showed no correlation between HbA1c and ProBNP, 6-MWT and hemodynamic measures (r between 0.001 and 0.24 with all P values more than 0.05); however, there was a weak but significant correlation between CRP and HbA1c (r = 0.24, P = 0.04). The ratio of Tg/ HDL showed no difference between patients with or without glucose intolerance (2.9 versus 3, P = 0.9).
Survival Outcomes and Glucose Intolerance
All patients were followed for a year for combined event including death or hospitalization due to PAH exacerbation and no patient was missed during a year of followup. During follow-up, 17 (24.6%) patients were hospitalized due to PAH exacerbation and six (8.7%) patients died. Among those who died, four patients had a NYHA class of II-III and III and two patients had a NYHA class of I-II and II (not statistically significant).
The mean of HbA1c was not different between patients with and without events (5.7% ± 1.1 versus 5.6% ± 1.2, P > 0.05) and there was no association between HbA1c and all events. However as shown in Table 6 , FBS was significantly higher in patients with an event (P < 0.001). Multivariable logistic regression model was applied to investigate the associations between the occurrence of combined events and HbA1c, adjusted for other predictors. No significant association was observed between HbA1c and event (β = -0.45, P = 0.1, OR [CI 95%]: 1.6[0.8-3.1]). 
TG/HDL Ratio in PAH and Presence of Insulin Resistance
Regarding the ratio of TG/HDL to determine insulin resistance (IR), 16 (23.2%) patients had a ratio less than 2 [insulin sensitive (IS) group]. In 30 (43.5%) patients, the ratio was more than 3 (IR group). The rest of patients (33.3%) had a ratio between 2-3 (in determinant). The ratio was not different between men and women and there was no statistically significant difference between different diagnostic groups. IR group were older than IS group, but the difference was not statistically significant (37.3 ± 13.5 versus 32.5 ± 15, P > 0.05). The weight was identical in both IR and IS groups (65.7 ± 12.6 versus 65.2 ± 11.8); however, BMI was a little higher but not statistically significant in IR than IS (24.4 ± 4 versus 23.5 ± 4.5). With respect to functional class, there was no association between NYHA function class and insulin resistance in patients with PAH.
The mean of pro BNP, 6-MWT, hs-CRP and hemodynamic measures were not different between different groups regarding the TG/HDL ratio (Table 5 ). There was no correlation between pro BNP, 6-MWT, hemodynamic measures and TG/HDL ratio even after excluding patients with overt diabetes mellitus based on HbA1 level (r between 0.01 to 0.3 with P value more than 0.05 for all variables). There was only a weak correlation between hs-CRP and TG/HDL ratio (r = 0.25, P = 0.04). There was no difference in mean of HbA1c between PAH patients with or without IR (5.7 ± 1.2 versus 5.4 ± 0.95, P = 0.3).
Survival Outcomes and Insulin Resistance
TG/HDL ratio was not different between patients with or without event and there was no association between IR and mortality, hospitalization and all events; the results were the same after excluding patients with overt diabetes mellitus. After adjustment for other predictors, no significant association was observed between TG/HDL and event in multivariable logistic regression model (β = -0.05, P = 0. 8 
Comparison of PAH Subgroups
The comparison between three diagnostic groups of PAH showed that regardless of significant differences in hemodynamic findings, 6-MWT and pro BNP, there was no statistically difference in HbA1c and TG/HDL ratio between different diagnoses. The results are presented in Table 7 . b Abbreviations: CI, cardiac index; CO, cardiac output; DPAP, diastolic pulmonary artery pressure; HbA1c, glycosylated hemoglobin; hs-CRP, high sensitive C-reactive protein; NT -Pro BNP, N-terminal pro brain natriuretic peptide; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; SD, standard deviation; SPAP, systolic pulmonary artery pressure; 6-MWT, six-minute walk test. b Abbreviations: CHOL, serum cholesterol level; FBS, fasting blood sugar; HDL-c, high density lipoprotein cholesterol; hs-CRP, high sensitive C-reactive protein; HbA1c, glycosylated hemoglobin; IPAH, idiopathic pulmonary artery hypertension; LDL-c, low density lipoprotein cholesterol; NYHA, New York heart association; NT -Pro BNP, N-terminal pro brain natriuretic peptide; PDEI-5, phosphodiesterase inhibitor-5; 6-MWT, six-minute walk test; TG, serum triglyceride level. 
Discussion
The relationship of insulin resistance and glucose intolerance with PAH has been suggested in recent animal and human studies. Pulmonary hypertension is significantly more prevalent among patients with type II diabetes mellitus independent of hypertension, ischemic heart diseases and heart failure (13). Some epidemiological studies showed a high prevalence of IR in patients with PAH (2, 3) . Although routine assessment of IR is difficult, HbA1c and the ratio of Tg/HDL have been used as surrogates for IR in patients with PAH (2, 3) . In the present study, we used both tests to evaluate IR in patients with class I of PAH like previous reports (2, 3) the prevalence of IR was higher than general population in our study population (43.5% had TG/HDL-c ratio ≥ 3 and 47.8% had HbA1c ≥ 6%). The data represented by the National Survey of Risk Factors for Non-Communicable Diseases of Iran indicated that the prevalence of type 2 diabetes in Iranian adults younger than 65 years was 7.7% (14) . In our study, patients with higher HbA1c had a slightly higher BMI, but there was no difference in BMI between IR and IS groups based on TG/HDL ratio, indicating that obesity alone was not responsible for IR.
Zamanian et al. (2) evaluated TG/HDL ratio in 81 female patients with PAH and showed for the first time that a TG/HDL ratio more than three is more prevalent in female patients with PAH than general population (45.7% versus 21%). Pugh et al. (3) assessed HbA1c in 41 patients with PAH and 56% and 15% of their study population had HbA1c more than 6% and 6.5% respectively, a prevalence higher than general population. In our study, NYHA class, 6-MWT, and hemodynamics did not differ between IR and IS PAH groups. Similarly, Zamanian et al. and Pugh et al. found no significant correlation between IR and NYHA class, 6-MWT and hemodynamic measures in patients with PAH. However, the presence of IR was associated with poorer 6-month event-free survival in Zamanian et al. (2) study, which is different from our results and Pugh et al. report. Like Pugh et al. (3) report, we did not find any difference in combined event between IR and IS group. One possible explanation for this finding is that most of our patients were recently symptomatic and PAH was newly diagnosed for them, so they were in early stages of their illness and it may be needed to follow them for a longer duration.
Surprisingly, despite high prevalence of IR by the two methods, we found no correlation between HbA1c and TG/HDL-c ratio. There is conflicting data regarding the association between HbA1c and TG/HDL-c ratio in patients with type 2 diabetes, while some studies showed no correlation between HbA1c and TG/HDL-c ratio (15) , some of them suggested a significant correlation (16) indicating no general consensus on this issue and it needs to be addressed more in patients with PAH.
High prevalence of insulin resistance in patients with PAH suggests a link between glucose dysregulation and PAH. It is not exactly known whether these abnormalities in glucose/insulin metabolism are a consequence of PAH and a marker of severe pulmonary vascular disorder or if there is a causative relation with the disease and potentiate development of PAH. Lopez-Lopez et al. (4) showed marked endothelial dysfunction in pulmonary artery of diabetic rats. Hansmann et al. (17) in an experimental model of insulin resistance concluded that insulin resistance, low plasma adiponectin levels, and deficiency of apo E could be considered as risk factors of PAH and PAH can be reversed in animal models by activation of peroxisome proliferator-activated receptor Ɣ. West et al. (18) assessed the association between bone morphogenic protein receptor type 2 (BMPR2) mutation and IR and found that activation of BMPR2 mutation in vivo is associated with early insulin resistance and blood glucose homeostasis dysfunction and insulin resistance may contribute to disease progression and probably not just a bystander or marker of pulmonary vascular disease. Specifically, insulin resistance predates the development of pulmonary vascular disease, exacerbation through high-fat diet worsens the pulmonary vascular phenotype (18) . On the other hand, Moral-Sanz et al. (5) analyzed pulmonary vascular function in insulin resistant obese rats and found that obese rats did not show any of the characteristic features of pulmonary hypertension in contrast to other mice models.
IR is a common finding in PAH which highlights a need for heightened awareness of occult glucose intolerance in this setting. Considering the association of low physical activity and IR (19) , the importance of non-pharmacologic strategies with exercise based rehabilitation, lifestyle modification and weight loss could be increased in the management of pulmonary hypertension. Finally, our results are somehow in favor of previous studies suggesting a relationship between insulin resistance and pulmonary arterial hypertension. Although we could not find any difference in NYHA class, prognostic factors, hemodynamics and combined event between our IR and IS PAH groups, FBS was significantly higher in patients with combined event, suggesting a role of glucose intolerance in the prognosis of these patients. Therefore, there are many unanswered questions regarding the causal association of insulin resistance and pulmonary hypertension and our findings suggested that IR is not solely a result of the severity of illness in patients with PAH and cannot be simply considered as a disease modifier; further investigations are necessary for clarification of this issue.
In conclusion, clinicians should be more aware of glucose intolerance in patients with PAH and carefully screen DM in them. It is recommended for direct measurement of IR in patients with PAH and experimental models to determine temporal association of insulin resistance and PAH and the role of IR in the pathophysiology of PAH. Clinical trials should be performed to assess whether interventions targeting IR could be beneficial for patients with PAH.
Limitations
We used TG/HDL-C as a surrogate of insulin resistance based on previous studies in patients with PAH (2) and general population. However, IR markers should be validated in patients with PAH. Furthermore, most of our patients received different PAH therapies with unknown effect on IR markers. It would be more precise to assess untreated PAH patients or to directly measure IR. As we did not measure waist circumference, we could not conclude regarding the role of central obesity. However, IR and IS groups did not show any difference in BMI.
